We used our recently developed method for the simultaneous measurement of the local CMRglc (LCMRglc) and composite tissue pH to evaluate the re sponse to unilateral carotid ligation and moderate hypox ia [40.1 ± 4.8 (SD) mm Hg]. The LCMRgle and tissue pH were measured simultaneously in brain slices using [14C]2-deoxY-D-glucose and [14C]5,5-dimethyl-2,4oxazolidinedione. The ipsilateral LCMRglc was increased significantly in the caudate-putamen and medial thalamus and was surrounded by a much more extensive zone of acidosis, as shown by significant reductions in the tissue pH, which was affected in parietal cortex, caudate-
The pathogenesis of brain injury or dysfunction following hypoxic or ischemic episodes is an issue of considerable importance. The neurochemical re sponses to hypoxia and ischemia are complex, and a number of authors have suggested that anaerobic metabolism of exogenous glucose to form lactic acid is a critical element in determining whether permanent cerebral injury occurs. This hypothesis dates to reports of Myers and Yamaguchi (1977) in which cardiac arrest during hyperglycemia was as sociated with more extensive neurological injury than cardiac arrest during normoglycemia. Rehn crona et al. (1980) found that if the lactate concen-putamen, lateral septal nucleus, medial geniculate, Am mon's horn, and nucleus reticularis of substantia nigra. In regions with an elevated LCMRglc and acidosis, anaero bic glycolysis combined with ATP hydrolysis are likely to co-exist. In regions characterized by normal glucose me tabolism and acidosis, we hypothesize that a direct effect of hypoxia on the sodium/hydrogen ion antiporter may lead to secondary acidosis. Disturbed acid-base balance during hypoxia may have an adverse effect on cerebral function and cause clinical symptoms. Key Words: Brain glucose metabolism-Brain pH-Hypoxia-Autoradiog raphy.
tration exceeded 20-25 mmol/kg, recovery to a nor mal energy state was precluded. Subsequent re ports have supported this hypothesis (Siesj6, 1985; Rehncrona, 1986) .
The effects of hypoxia on glucose metabolism are more complex than the commonly held belief that anaerobic glycolysis causes acidosis owing to the hydrolysis of lactic acid. Gevers (1977) pointed out that the production of lactate itself does not lead to an obligatory co-production of hydrogen ions and a fall in pH, since the net products of anaerobic gly colysis are two lactate ions and two MgATp 2 -ions.
Acidosis is caused by the concurrent net hydrolysis of ATP, which produces two H+ ions. Although the net reaction of anaerobic glycolysis, ATP hydroly sis, and synthesis, always yields two lactate ions and two H+ ions from each glucose molecule, the concentration of dissociated hydrogen ions is af fected by the pH of the reaction system, the mag nesium ion concentration, and the substrate (glu cose or glycogen) (Hochachka and Mommsen, 1983 ). Therefore, it is possible that different condi tions with differing effects on lactate production and ATP hydrolysis may create different relation ships between glucose consumption, lactate pro duction, ATP hydrolysis, and the production of ac idosis. This has been confirmed by Paschen et aI. (1987) , who measured lactate and pH during com plete ischemia, reversal of ischemia, and in brain tumors. Disparities between lactate content and pH led them to urge caution when assuming that excess lactate defines the presence of acidosis. For these reasons, we believe that the effects of a metabolic insult on acid-base balance are best evaluated by methods that are designed to measure the compos ite tissue pH. This has led us to develop and employ the dual-isotope technique used in the present study.
Because of the importance of glucose metabolism and potential relationships between glycolysis and the development of acidosis, we have used our method, which is based on the use of two tracers, e 4 C]2-deoxY-D-glucose (DG) and 1 4 C-Iabeled 5,5dimethyl-2,4-oxazolidinedione (DMO) (Peek et aI., 1985; Lockwood et aI., 1987a) , to study the physi ological responses to unilateral carotid ligation and moderate hypoxia in the Levine rat (Salford et aI., 1973a,b) . A preliminary report of these results has been presented (Lockwood et aI., 1987b) .
METHODS

Animal preparation
With the approval of the University of Texas Health Science Center/Houston Animal Welfare Committee, male Wistar rats weighing 250 g were anesthetized with 0.5% halothane, 70% N20, balance oxygen and ventilated with a respirator (Braun, Melsungen). Catheters were placed in the femoral artery for the measurement of blood pressure and the withdrawal of arterial blood samples and in the femoral vein for the injection of tracers. The carotid artery was ligated in the neck with surgical silk. Animals with an MABP in excess of 110 mm Hg, a Pa02 of >100 mm Hg, and a P ac02 between 35 and 40 mm Hg were then injected intravenously with DMO (1 75 iJ.Ci/kg, 55 mCi/ mmol; American Radiolabeled Chemicals, St. Louis, MO, U.S.A.). Forty-five minutes later, the inspired oxy gen was reduced by increasing the concentration of in haled N20 so that the P a02 was between 35 and 50 mm Hg. Fifteen minutes later, DG was injected intravenously 000 iJ.Ci/kg, 55 mCi/mmol; American Radiolabeled Chemicals). Serial arterial blood samples were collected for the measurement of the plasma glucose concentration (Beckman Glucose Analyzer II) and 14C content. Forty five minutes after the injection of the DG, animals were killed by decapitation and the brains were removed rap idly and frozen quickly.
Tissue preparation, autoradiography, and computations
Details of the theoretical and technical aspects of this method have been published (Lockwood et aI., 1987a) .
Briefly, plasma samples collected after the injection of the DMO were subjected to thin-layer chromatography (methanol/methylene chloride, 1:9, vol/vol) to separate DG from DMO and establish the tracer ratio at each time point after the DG injection. This ratio was used to com pute the DMO and DG plasma content in each blood sam ple for subsequent use in the appropriate operational equations.
Mter overnight storage at -80°C, brain sections 20 iJ.m thick were cut in a cryostat at -15°C, mounted on glass coverslips, and exposed, along with calibrated standards, to the emulsion side of x-ray film (SB-5; Kodak, Roches ter, NY, U.S.A.). Two days later the film was developed and the tissue sections were exposed to room air in a chemical hood for 14 days, after which a second autora diogram was prepared. The two autoradiograms and cor responding standards were digitized with an Eikonix 78/ 99 (Eikonix, Bedford, MA, U.S.A.) controlled by a VAX 11/780. Digitized images were converted to images of iso tope content, superimposed under visual control, and the second subtracted from the first to yield a third image. The first image contains 14C attributable to DG, [14C]2-deoxY-D-glucose-6-phosphate (DG-6-P0 4 ), and DMO. Since sublimation of DMO is virtually complete after 14 days (Peek et al., 1985; Lockwood et aI., 1987a) , the second image contains only DG and DG-6-P0 4 and the third DMO only. The second and third images, along with appropriate plasma data, were used to compute the local CMRglc (LCMRglc) using standard values for the lumped constant (LC) and for gray and white matter rate constants (Sokoloff et aI., 1977) . The composite tissue pH was calculated from a derivation of the Henderson Hasselbach equation, arterial pH (pHJ, and plasma and brain DMO content (DMOp, DMOb) (Lockwood et aI., 1987a) :
where pKb and pKp are 6.1 3 in brain and plasma.
The resulting images of LCMRglc and composite tissue pH were displayed, regions of interest (ROIs) were drawn with the aid of a standard atlas of rat brain anatomy (Pax inos and Watson, 1982) , and values for pH and LCMRglc were extracted for each ROJ. Our software permits us to generate a metabolic profile of LCMRg1 C and pH along any straight line defined on an LCMRglc image. The pro file is a pixel-by-pixel histogram of the LCMRglc and pH along the line.
RESULTS
Physiological effects of hypoxia
Animals subjected to hypoxia had evidence of a metabolic acidosis. Arterial blood gas values in the six animals were as follows: pH 7.19 ± 0.08, Pao2 40.1 ± 4.8 mm Hg, and Paco2 32.0 ± 7.0 mm Hg (mean ± SD). The MABP was 76 ± 22 mm Hg, and the plasma glucose was 8.0 ± 2.6 mmollL.
Effects on LCMRglc and composite tissue pH
Moderate hypoxia had no effect on glucose me tabolism or acid-base balance in the hemisphere with the intact carotid artery: LCMR g Ic and pH val ues were similar to normal values (Lockwood et al. , 1986 (Lockwood et al. , , 1987a Roos and Boron, 1981) . In the hemi sphere ipsilateral to the ligated carotid, there were marked abnormalities of both glucose metabolism and acid-base balance. Figure 1 shows an LCM R g Ic image with its corresponding composite tissue pH image in a section taken through the caudate putamen, including area 1 of parietal cortex and the lateral septal nucleus. These anteriorly placed sec tions invariably showed a marked increase in glu cose metabolism and significant acidosis. This pat tern was altered somewhat in one animal with mild hypotension (MABP 50 mm Hg), shown in Fig. 2 . In the caudate-putamen of this animal, there was a central zone within the region of enhanced glucose metabolism characterized by reduced glucose me tabolism and severe acidosis. This central core was excluded from ROI data described below and pre sented in Table 1 . Specific values for LCMR g Ic and composite tissue pH in eight gray matter regions are shown in Table  1 along with the result of paired t tests comparing the nonligated control hemisphere value with the value from the same structure in the hemisphere ipsilateral to the ligation. Glucose metabolism in the ligated hemisphere was significantly increased in the caudate-putamen and the medial portion of the thalamus. Decreases in the composite tissue pH were more widely distributed and found in the cau date-putamen, the medial thalamus, area 1 of pari etal cortex, the lateral septal nucleus, the medial geniculate nucleus, Ammon's horn of the hippo campus at the level of the substantia nigra, and the reticular portion of the substantia nigra.
DISCUSSION
In this study we have shown that the combination of unilateral carotid ligation and moderate arterial 
The Levine rat model
The combination of unilateral carotid ligation plus hypoxia was developed to differentiate the ef fects of ischemia-oligemia from the effects of hyp oxia (Salford et aI., 1973a,b) . This issue has still not been resolved completely. In their initial articles, Salford et al. refer to this as a model of graded hypoxia-oligemia. However, measurements of blood flow were not made until several years later (Ginsberg et aI., 1976; Salford and Siesj6, 1974) . Both groups found that there was a marked increase in blood flow in the hemisphere contralateral to the ligation, and although flow was lower in the hemi sphere ipsilateral to the ligation, it was still greater than observed in normoxic animals. Similar findings were reported by Gardiner et al. (1982) during mild hypotension (control mean arterial blood pressure 140 vs. 90 mm Hg) induced by severe hypoxia (mean Pao2 18.7 mm Hg). In these studies the MABP was higher than in the present investigation, probably because of our need to use halothane and its effect on blood pressure. However, since we ob served excess glucose metabolism and acidosis in all animals, including those with MABP levels of 100 mm Hg, we believe that hypoxia alone, without reductions in blood flow, is sufficient to cause the metabolic abnormalities we report. Nevertheless, the most marked abnormalities were noted in ani mals with the lowest MABP, as shown in Fig. 2 , in which ischemia cannot be excluded in core regions. We conclude that mild to moderate hypotension ac centuates the abnormalities but is not necessary for their production.
Application of DG and DMO techniques to the model
The DG technique has been applied in a limited fashion to the investigation of hypoxia in this model by Pulsinelli and Duffy (1979) . They induced hyp oxemia (Pa02 28-32 mm Hg) during 70% N20balance oxygen anesthesia, injected DG that was allowed to circulate for 30 min, and killed the ani mals, retaining a portion of the brain for chromato graphic analysis. They found that 88-93% of the label in the brain was recovered as DG-6-P0 4 . This evidence for metabolic trapping of DG strongly sug gests the integrity of the phosphorylation reaction for glucose under the conditions of the study. In autoradiograms, they found increased tracer in cor tical columns related to arterioles, in the caudate nucleus, and particularly in white matter ipsilateral to the ligated cortex. They concluded that there was clearly an increase in the glycolytic flux in the re gions where tracer uptake was enhanced, but did not attempt to quantify the increase. Presumably because of our higher Pao2 values, we did not ob serve cortical columns in any animal. However, fo cal white matter hypermetabolism was seen in ani mals with the lowest Pao2 and MABP values.
DG has been used to study glucose metabolism in animals with cerebral infarcts, and the validity of J Cereb Blood Flow Metab, Vol. 9, No.3, 1989 the DG method has been questioned under these circumstances. The uncertainties center on whether the LC and the kinetic contents have been affected by the ischemia to a degree that precludes reliable use of the method. A number of factors can have serious impacts on the value of the LC: the plasma and brain glucose content are perhaps the most im portant, and the relationship between the LC, the glucose content of the plasma, and the brain has been studied carefully (Pardridge et aI., 1982) . In the Levine rat, chemical evidence from measured plasma glucose values and reported values for blood flow and brain glucose content suggest that these variables are relatively unperturbed, even un der conditions of more severe hypoxia, and there fore should not affect the LC significantly under the conditions of our study. Salford et al. (1973b) re ported the normal brain glucose content to be 4.5 ± 0.2 mmollkg wet weight (±SEM), rising to 6.4 ± 0.4 mmollkg wet weight in the intact hemisphere and to 5.64 ± 0.3 mmollkg wet weight in the clamped hemisphere at a mean P a02 of 28 mm Hg. Further support for the normality of the LC is derived from a report by Gjedde et al. (1985) . They found two types of infarcts: one in which perfusion is limited and glucose transport and brain glucose content are low, resulting in LC values of > 1; and a second type characterized by a limitation of phosphoryla tion, with normal brain glucose content and LC val ues. Since, with the possible exception of the core region at the center of the caudate-putamen shown in Fig. 2 and excluded from analysis, published data concerning factors affecting LC values under the conditions of the present study suggest that the LC should remain normal, we believe that our use of normal LC values is warranted.
Experimental conditions and published data also suggest that the effect of any variation in rate con stant values is minimal in this study. The numerator of the LCMR g lc equation consists of the total tracer content in a given autoradiographic ROI minus a correction for unmetabolized DG included in the total (Sokoloff et aI., 1977) . The value of this second term (and the denominator of the equation) depends on the rate constant values. Under typical experi mental conditions, the value of the second term in the numerator represents -10% of the total tracer content. This is very similar to the 12-18% reported by Pulsinelli and Duffy (1979) who used the Levine rat with P a02 values lower than those in the present investigation. Since the duration of the experiment is chosen to minimize the effects of rate constant errors, we believe that the use of normal rate con stant values is warranted under the conditions of this study.
The DMO technique has been used in normal rats and after occlusion of the middle cerebral artery (Kobatake et al., 1984; Hakim, 1986) but not, to our knowledge, under the circumstances of the present study. Since the methods appear to be valid after middle cerebral artery occlusion, an insult more likely than the conditions of the present study to have an adverse effect on the assumptions that un derlie the DMO technique, we believe that this is a warranted extension of the method. Bergstrom et al. (1976) , using different methods, found that an acute reduction in inspired oxygen to -24 mm Hg caused a transient doubling of the whole-brain glucose metabolic rate, with a return to normal levels after 15 min. We injected the DG 15 min after the onset of much less severe hypoxia to avoid this transient increase, and the normal meta bolic rate values measured in the hemisphere con tralateral to the ligation support the conclusions of Bergstrom et al. (1976) . The response in the ipsilat eral hemisphere is less certain, and the absence of transient abnormalities cannot be ensured. How ever, marked abnormalities seem unlikely. Since most of the DG is taken up and trapped by the brain in the first few minutes after a bolus injection, re sidual high glucose metabolism persisting after the IS-min time period would result in apparently high glucose metabolism in regions with a prolonged transient. However, significant elevations in glu cose metabolism were observed in only two regions of the hemisphere ipsilateral to the ligation (see Ta ble O.
While the DG method is most sensitive to pertur bations in the steady state that occur immediately or soon after the injection of isotope, the opposite is true of the DMO portion of the study, in which the most accurate, pH-dependent tracer equilibration depends on the conditions present at the end of the study. Because of these differing temporal relation ships, we attach great importance to the finding that pH abnormalities are more widely distributed than abnormalities in glucose metabolism (see Table O .
Cerebral response to hypoxia
The effects of hypoxia on brain energy metabolite levels have been well studied. Siesjo and Nilson (1970 reported that ATP, ADP, and AMP levels were all essentially normal until P aOZ levels fell to below 20 mm Hg; phosphocreatine levels fell at Paoz levels below 35 mm Hg and lactate levels rose when the P aOZ fell below 50 mm Hg, changes thought to be secondary to tissue acidosis as a re sult of anaerobic glucose metabolism. Johannsson and Siesjo (1975) found normal oxygen metabolic rates in rats at a P aOZ as low as 22 mm Hg. At a PaCOZ of 35 mm Hg in humans, Cohen et al. (1967) measured an increase in CBF of 70%, but no change in the CMROz.
The results of laboratory studies of metabolism are somewhat at odds with studies of clinical per formance, reviewed by Siesjo et al. (1974) . As the partial pressure of oxygen in inhaled air decreases, nervous system function deteriorates gradually. De lays in adaptation to a darkened environment are followed by impaired learning and memory, then loss of judgment, which occurs as the inspired ox ygen concentration falls from 18 to 12%. Thus, it appears that hypoxia causes nervous system dys function before there is a measurable decrease in the CMR02 or other definable abnormalities of en ergy metabolites. Hypoxia does have numerous ef fects on neurotransmitters, particularly acetylcho line, that could lead to observable abnormalities of behavior, which are reviewed in detail by Gibson (1985) .
In the present study we have demonstrated that moderate hypoxia combined with unilateral carotid ligation causes a mild focal increase in the LCMR g Jc and a larger surrounding region of acidosis on the side of the ligation. The caudate-putamen had the greatest increase in glucose metabolism (20%) and the lowest composite tissue pH of all structures measured (composite pH 6.71 ± 0.17). In this re gion, we believe that the enhanced glucose metab olism is secondary to anaerobic glycolysis, which, along with excessive ATP hydrolysis, is associated with the development of acidosis. This is the finding expected according to classic approaches. How ever, acidosis was present in brain regions without significant increases in glucose metabolism. We therefore conclude that anaerobic glycolysis may not be necessary to produce acidosis under condi tions of hypoxia, and additional mechanisms must be considered.
Normal brain pH is maintained in an open system in which metabolites are delivered and products of metabolism are removed by blood flow. In addition, chemical buffering, regulation of metabolic acid production versus consumption, and transmem brane transport of hydrogen ions and bicarbonate contribute to acid-base homeostasis (Siesjo, 1985) . During hypoxic hypoxia the conditions become more complex and the conditions under which gly colysis occurs have an impact on the stoichiometry of hydrogen ion production, the pH of the medium in which metabolism takes place, the free magne sium ion concentration, and the balance between glucose and glycogen as the metabolic substrate all playing potential roles (Hochachka and Mommsen, 1983) . Since all of these variables are somewhat un-predictable and difficult to monitor simultaneously in a tissue as complex as the brain, it is difficult to be confident about computations of pH that are made on the basis of anything other than direct measurement.
As stated above, we believe that the DMO tech nique yields reliable results when, as in the present study, it is applied in a physiological system where blood flow reductions do not impair equilibration of the tracer and distort the computed composite pH. How can the finding of mild but significant acidosis be explained in the absence of an increase in blood borne glucose consumption? As stated above, the paired DG-DMO technique would emphasize a transient increase in glycolysis present when the DG was injected, but would be less sensitive to a transient increase occurring at the end of the study. A delayed increase in glycolysis seems unlikely (Bergstrom et aI., 1976) . Cerebral acid-base balance is indeed complex, and the complexity, as stated above, is increased by difficulties in defining the exact biochemical conditions existing in a complex tissue such as the brain. Any single aspect of pH regulation could affect the measured result.
We would suggest that consideration be given to a direct effect of hypoxia on the sodium/hydrogen ion antiporter system. The antiporter system is complex and involves the passive flux of sodium into the cell, which stimulates the ATP-dependent sodium/potassium pump. The sodium gradient maintained by the pump produces the force that leads to sodium entry into the cell as it moves down its concentration gradient. Since passive sodium en try is coupled with H + extrusion via a sodium! hydrogen antiporter, electroneutrality is maintained and the acid load of the cell is reduced. If hypoxia had a direct effect on the anti porter and its ability to facilitate the egress of H+ ions, acidosis could fol low. Under normal and hypoxic conditions, the in tracellular and extracellular sodium concentrations are orders of magnitude greater than the hydrogen ion concentration, and minute deviations from the normal stoichiometric relationships between hydro gen and sodium ions conveyed by the antiporter could result in a significant change in the hydrogen ion concentration with no detectable abnormality in the sodium gradient. The presence of mild acidosis may explain in part the presence of rather subtle indicators of brain dysfunction observed by neu ropsychologists as contrasted with relatively nor mal brain metabolism reported by neurochemists and physiologists.
